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Abstract
Apoptosis is an active process that plays a key role in many physiological and pathological conditions. One of the most
important organelles involved in apoptosis regulation is the mitochondrion. An increase in intracellular Ca
2+ is a general
mechanism of toxicity in neurons which occurs in response to different noxious stimuli like excitotoxicity and ischemia
producing apoptotic and necrotic cell death through mitochondria-dependent mechanisms. The Bcl-2 family of proteins
modulate the release of pro-apoptotic factors from the mitochondrial intermembrane space during cell death induction by
different stimuli. In this work, we have studied, using single-cell imaging and patch-clamp single channel recording, the
mitochondrial mechanisms involved in the neuroprotective effect of Bcl-xL on Ca
2+ overload-mediated cell death in human
neuroblastoma SH-SY5Y cells. We have found that Bcl-xL neuroprotective actions take place at mitochondria where this
antiapoptotic protein delays both mitochondrial potential collapse and opening of the permeability transition pore by
preventing Ca
2+-mediated mitochondrial multiple conductance channel opening. Bcl-xL neuroprotective actions were
antagonized by the Bcl-xL inhibitor ABT-737 and potentiated by the Ca
2+ chelator BAPTA-AM. As a consequence, this would
prevent free radical production, mitochondrial membrane permeabilization, release from mitochondria of pro-apoptotic
molecules, caspase activation and cellular death.
Citation: Tornero D, Posadas I, Cen ˜a V (2011) Bcl-xL Blocks a Mitochondrial Inner Membrane Channel and Prevents Ca
2+ Overload-Mediated Cell Death. PLoS
ONE 6(6): e20423. doi:10.1371/journal.pone.0020423
Editor: Hyoung-gon Lee, Case Western Reserve University, United States of America
Received February 10, 2011; Accepted May 1, 2011; Published June 2, 2011
Copyright:  2011 Tornero et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: D.T. is a recipient of a postdoctoral contract ‘‘Sara Borrell’’ from Fondo de Investigaciones Sanitarias, Ministerio de Ciencia e Innovacio ´n. This work has
been supported, in part, by grants PI081434 from Fondo de Investigaciones Sanitarias, Ministerio de Ciencia e Innovacio ´n (www.micinn.es) and PII1I09-0163-4002
and POII10-0274-3182 from Consejerı ´a de Educacio ´n, JCCM (www.jccm.es) to V.C. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: valentin.cena@uclm.es
Introduction
Calcium is one of the most important second messengers in the
cells, regulating many pathways that are essential for cell
physiology [1] and also for the pathogenesis of different diseases
such as Alzheimer’s dementia [2], brain ischemia or epilepsy,
where Ca
2+ signaling plays a pivotal role [3].
Increased intracellular Ca
2+ levels triggers apoptosis or
programmed cell death in different cell types [4–6]. The function
of Ca
2+ in apoptosis is a complex subject involving the interplay
between many systems, such as redox systems, the stress-activated
protein kinase cascade and the Ca
2+ signaling pathway [7].
The mitochondria play a key role regulating the apoptotic
mechanisms and also regulate some forms of necrotic cell death
[8,9]. Calcium overload induces mitochondrial inner membrane
permeabilization (MIMP) that promotes mitochondrial swelling,
outer membrane rupture and release of intermembrane proapop-
totic proteins such as cytochrome C and apoptosis inducing factor
(AIF) to the cytoplasm [10]. These proteins also activate caspases
and, subsequently, caspase-activated DNase [10].
Evidence supporting mitochondrial Ca
2+ accumulation after
excitotoxic stimulation comes from data on the effects of
mitochondrial inhibitors on free cytosolic Ca
2+ [11], changes in
mitochondria membrane potential [12,13] and elevation of free
mitochondrial Ca
2+ [14]. The key role of mitochondrial Ca
2+
accumulation in delayed excitotoxic cell death is suggested by the
fact that respiratory uncoupler-induced depolarization of mito-
chondrial membrane potential (Dym) during glutamate exposure
is neuroprotective [15]. In addition, it has been shown that the
binding of Ca
2+ to cardiolipin, a phospholipid present in the
mitocondrial inner membrane, can convert the adenine nucleotide
translocase (ANT) into a large unselective channel that would be
responsible for the activity of the multiple conductance channel
(MCC), which is able to cause MIMP [16].
The intrinsic apoptotic pathway is mainly regulated by proteins
that belong to the Bcl-2 family through their actions on the
mitochondria and also through their ability to hetero- or
homodimerize with other proteins of the same family [17-19].
Mitochondrial events associated with apoptosis induction and the
effects of differential expression and activity of members of the Bcl-2
family of proteins have been reported to occur in response to Ca
2+
overload, for example in the ischemia-reperfusion damage [20–22].
In addition, it has been described that, even under non-apoptotic
conditions, some members of the Bcl-2 family of proteins modulate
gene expression [23] and that some members of this family might
also regulate intracellular Ca
2+ homeostasis [24,25], suppressing
Ca
2+2induced mitochondrial MCC activation [26] and controlling,
in this way, the release of pro-apoptotic factors from mitochondria.
Moreover, Bcl-xL prevents 6-OHDA induced-death and blocks
mitochondrial multiple conductance channel activation [27].
PLoS ONE | www.plosone.org 1 June 2011 | Volume 6 | Issue 6 | e20423In this work, we have studied, using single-cell imaging and
patch-clamp single channel recording, the mechanism involved in
the protective effect of Bcl-xL on ionomycin-mediated Ca
2+
overload in human neuroblastoma SH-SY5Y cells. We have found
that Bcl-xL neuroprotective actions take place at mitochondria
where the protein delays both mitochondrial potential collapse and
opening of permeability transition pore by preventing Ca
2+2me-
diated mitochondrial MCC opening. This prevents apoptotic
cascade activation and cellular death.
Results
Bcl-xL protects SH-SY5Y cells against ionomycin-induced
toxicity
We have studied the effect of Bcl-xL over expression on
ionomycin-induced death in the human neuroblastoma cell line
SH-SY5Y. Cell cultures were stably transfected with either DNA
containing the open reading frame of Bcl-xL subcloned into
pcDNA3 (SH-SY5Y/Bcl-xL) or with empty/pcDNA3 (SH-SY5Y/
Neo). The SH-SY5Y/Bcl-xL cell line has been thoroughly
characterised [28] and is resistant to staurosporine-mediated cell
death [29]. Bcl-xL expression in these cell lines was analysed by
western blot. As previously described [27], Bcl-xL levels, measured
in total cellular extracts, were significantly higher in SH-SY5Y/
Bcl-xL cells than in the SH-SY5Y/Neo cells. Over expressed Bcl-
xL was found to be highly expressed in abundant in SH-SY5Y/
Bcl-xL over SH-SY5Y/Neo cells (Supporting information Fig. S1).
We used the MTT cell viability assay method to analyze the
effects of ionomycin-mediated Ca
2+ overload on SH-SY5Y cells.
As it can be observed in Fig. 1, ionomycin induced a marked dose-
dependent decrease in cell viability in control cells after 3 h of
treatment. Bcl-xL over expression protected SH-SY5Y cultures
against ionomycin (2 mM) (Fig. 1) without affecting ionomycin-
mediated increase in Ca
2+ levels (Fig. 2). Treatment of SH-SY5Y/
Neo cells with ionomycin resulted in morphological changes
typical of apoptosis, including cell shrinkage, rounding and
detachment from the plate, as observed under phase contrast
microscopy (data not shown).
Figure 1. Effect of Bcl-xL over expression on ionomycin-induced death in SH-SY5Y cells. a) Cell viability of SH-SY5Y/Neo (black bars) and
SH-SY5Y/Bcl-xL (white bars) cells treated with ionomycin for 3 hours at different concentrations. Afterwards, cell viability was determined using the
MTT assay. Data represent mean 6 S.E.M. of 3 experiments carried on by quadruplicate. ***p,0.001 as compared to control cells. b) Time-course of
cell viability, determined by MTT assay, of SH-SY5Y/Neo (black bars) and SH-SY5Y/Bcl-xL (white bars) cells exposed to ionomycin (2 mM). Data
represent mean 6 S.E.M. of 3 experiments carried on by quadruplicate. **p,0.01, ***p,0.001 as compared to control cells.
doi:10.1371/journal.pone.0020423.g001
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Ionomycin (2 mM) induced a time-dependent increase in both
caspase 9 and caspase-3 activity that reached a maximum peak of
activity at 3 h for caspase 9 (Fig 3 a) and at 6 h for caspase 3
activity (Fig. 3b) after ionomycin addition. However, when the
experiment was performed using cells that over express the anti-
apoptotic protein Bcl-xL, a significant reduction in ionomycin-
mediated caspase 9 (Fig. 3a) and 3 (Fig. 3b) activity was observed.
Moreover, the ionophore also produced an increase in free radical
production in neuroblastoma SH-SY5Y cells measured by an
increase in DCFDA fluorescence (Fig. 3c) suggesting that free
radical production is involved in ionomycin-mediated neuroblas-
toma cell death. Bcl-xL over expression partially blocked the
increase in ionomycin-mediated free radical production.
Bcl-xL over expression prevents Ca
2+-inducedMCC opening
One of the proposed models responsible for the initiation of
apoptosis is the opening of a MCC in the mitochondrial inner
membrane [30], that allows the release of cytochrome C (cyt C)
leading to activation of the intrinsic apoptotic pathway. The
activity of MCC was studied using single channel recording in SH-
SY5Y mitoplasts. Typical MCC recordings in mitoplasts from SH-
SY5Y/Neo and SH-SY5Y/Bcl-xL over expressing cells were
indistinguishable when recordings were performed at negative
pipette potentials (260 mV) due to the high open probability that
the channel shows at this potential (data not shown). This property
was used to test the presence of the MCC in the patch at the end of
the experiments (Supporting information Figure S2). Neither the
basal activity nor the voltage-dependence of the channel activation
was modified in mitochondria isolated from Bcl-xL over
expressing cells (data not shown). However, at a +30 mV pipette
potential and a Ca
2+ concentration of one nM, the open
probability is low and MCC remained mainly at the closed state.
At this pipette potential, the increase in Ca
2+ concentration from
one nM to 10 mM, induced an increase in MCC activity in SH-
SY5Y/Neo mitoplasts in every patch assayed where MCC was
present (n=10) indicating channel activation (Fig. 4a). This
activation was quickly reversed by Ca
2+ chelation using EGTA
Figure 2. Lack of effect of Bcl-xL over expression on ionomycin-mediated increase in Ca
2+ levels. a) Time-course of Ca
2+ levels, expressed
as percentage of maximum Ca
2+ response, following ionomycin (2 mM; arrow)additiontoSH-SY5Y/Neo (solid lines)and SH-SY5Y/Bcl-xL cells (dashed lines).
Following an initial Ca
2+ peak, a late Ca
2+ increase occurs reaching a plateau that is taken as the maximum Ca
2+ level for the neuron. b) Cytoplasmatic
response to ionomycin treatment (2 mM) in SH-SY5Y/Neo (n=10) and SH-SY5Y/Bcl-xL (n=11) cells measured as the ratio of the early Ca
2+ peak to the
maximal ionomycin signal obtained during each individual experiment. Data represent mean 6 S.E.M of the indicated number of experiments.
doi:10.1371/journal.pone.0020423.g002
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10 mMo fC a
2+ only induced MCC opening in two out of the
13 seals where MCC was present (Fig. 4c, 4d), suggesting that Bcl-
xL over expression prevents Ca
2+-induced MCC opening.
Bcl-xL over expression inhibits the decrease in DYm
induced by ionomycin
Ionomycin (2 mM) induced a rapid lost in Dym in SH-SY5Y/
Neo cell line that was almost complete 6 minutes after the drug
application (Figs. 5a and c and Supporting information Video S1).
However, over expression of Bcl-xL in these cells markedly
delayed this process (Figs. 5b and d and Supporting information
Video S2). Five minutes after ionomycin addition, TMRM
fluorescence in the mitochondrial-rich cytoplasmic region was
decreased to about 30% of the maximum value in SHSY5Y/Neo
cell line while it remained at around 80% of maximum value in
SH-SY5Y/Bcl-xL cells (Fig. 5e).
Bcl-xL over expression decreases the MIMP induced by
ionomycin
Ionomycin (2 mM) induced MIMP opening in SH-SY5Y cells as
followed by calcein release from mitochondria. As it can be
observed in figures 6a and 6c and Supporting information Video
S3, 10 minutes after the addition of the Ca
2+ ionophore, the
calcein staining began to disappear from the mitochondria in the
SH-SY5Y/Neo cells and 15 minutes after the ionophore
application, all mitochondria have lost the calcein fluorescence
(Fig. 6e) suggesting MIMP opening.
However, Bcl-xL over expressing SH-SY5Y cells delayed
ionomycin-induced calcein release from mitochondria (Fig 6b
and d and Supporting information Video S4). Moreover, 25
minutes after the ionomycin addition only few mitochondria have
lost the calcein staining (Fig 6f).
Effect of BAPTA-AM and ABT-737 on ionomycin-
mediated toxicity on SH-SY5Y cells
To gain insight into the cause-effect relationship between
ionomycin-mediated Ca
2+ overload and the observed effects on
SH-SY5Y, we studied the effect of ionomycin in the presence of a
Ca
2+ chelator like BAPTA-AM and in the presence of the Bcl-xL
inhibitor ABT-737 [31,32]. As it can be observed in Fig. 7a, The
presence of the Ca
2+ chelator BAPTA-AM (10 mM) markedly
decreased ionomycin-mediated toxicity in SH-SY5Y/Neo cells.
Moreover, the presence of the Bcl-xL inhibitor AB-737 (1 mM)
significantly potentiated ionomycin-mediated toxicity (Fig 7a). In
Bcl-xL over expressing SH-SY5Y cells, BAPTA-AM was also able
to partially prevent ionomycin-mediated toxicity (Fig. 7b) suggest-
ing that Ca
2+ was the ion responsible for it. Morever, the Bcl-xL
inhibitor ABT-737 has a slight potentiating effect of ionomycin-
mediated toxicity (Fig 7b). This effect was small, probably due to
the high level of expression of the Bcl-xL protein achieved in these
cells (Supporting information Fig. S1).
Effect of BAPTA-AM and ABT-737 on ionomycin-
mediated effects on DYm and MIMP
To explore the actions of Bcl-xL at the mitochondrial level
following an ionomycin-mediated Ca2+ overload, we exposed SH-
SY5Y cells to ionomycin in the presence of either the Ca2+
chelator BAPTA-AM (10 mM) or of the Bcl-xL inhibitor ABT-737
(1 mM). As it can be observed in Fig. 8a, the presence of BAPTA-
AM delayed the beginning of Dym collapse in the SH-SY5Y/Neo
cells while ABT-737 induced a faster Dym collapse suggesting that
Bcl-2 familiy members might play a physiological role counter-
acting the Dym collapse induced by Ca2+ overload during
different insults. When the same experiment was repeated in Bcl-
xL over expressing SH-SY5Y cells, BAPTA-AM completely
prevented the Dym collapse and only a slow, but sustained
depolarisation was observed (Fig. 8a) suggesting that the
combination of lower free Ca2+ levels due to ion chelation by
BAPTA-AM and Bcl-xL over expression have a strong protective
effect against ionomycin-mediated Dym. Moreover, in the
presence of ABT-737, ionomycin-induced a much faster Dym
collapse (Fig. 8b). Moreover, ABT-737 caused an increase in the
rate of MIMP induced by ionomycin in SH-SY5Y/Neo cells
(Fig. 9a) while the effect in Bcl-xL over expressing SH-SY5Y cells
was much smaller (fig. 9b), probably due to the high level of Bcl-xL
expression in these cells (Supporting information Fig. S1). The
effect of BAPTA-AM on MIMP could not be studied because
BAPTA also chelates Co2+ that is required to quench extrami-
tochondrial calcein allowing visualization of the calcein-labelled
mitochondria and so the study of MIMP.
Effect of BAPTA-AM and ABT-737 on ionomycin-
mediated caspase activity
Consistent with the observed effects of Ca2+ chelation by
BAPTA-AM and Bcl-xL inhibition by ABT-737 on Dym and
MIMP, BAPTA reduced ionomycin-mediated increase in caspase
9 and caspase 3 activity in both SH-SY5Y/Neo cells and Bcl-xL
over expressing SH-SY5Y cells, while ABT-737 potentiated it
(Fig 10). This would suggest that Bcl-xL would play a physiological
role counteracting the deleterious effects of Ca2+ overload.
Discussion
Cellular Ca
2+ overload is a common fact in several pathological
situations including ischemia and neurodegenerative diseases
[33,34]. Calcium accumulation in the mitochondrial matrix
produces a dysfunction in this organelle mediated by reactive
oxygen species (ROS) and causes the release of proapoptotic
factors resulting in cell death [35,36]. Here, we present direct
evidence showing that Ca
2+-overload leads to activation of
mitochondrial MCC, collapse of mitochondrial potential, mito-
chondrial internal membrane permeabilization, caspase 3 activa-
tion and cell death. The antiapoptotic protein Bcl-xL decreases
Ca
2+-overload-induced neuroblastoma cell death acting down-
stream of Ca
2+ entry, likely, by blocking Ca
2+-mediated opening of
Figure 3. Caspases activation and free radical production. a) Time-course of ionomycin-induced caspase-9 activation. Caspase-9 activity in
SH-SY5Y/Neo and SH-SY5Y/Bcl-xL cells treated with ionomycin (2 mM) for 3, 6 and 9 hours was determined. Results are expressed in units of
fluorescence/mg of protein/h and represent mean 6 S.E.M. of 3 experiments. ***p,0.001 as compared to 0 h time. b) Time-course of ionomycin-
induced caspase-3 activation. Caspase-3 activity in SH-SY5Y/Neo and SH-SY5Y/Bcl-xL cells treated with ionomycin (2 mM) for 3, 6 and 9 hours was
determined. Results are expressed in units of fluorescence/mg of protein/h and represent mean 6 S.E.M. of 3 experiments **p,0.01, ***p,0.001 as
compared to 0 h time. c) Time-course of ionomycin-induced increase in free radical production. Ionomycin (2 mM; arrow) was added to both SH-
SY5Y/Neo or SH-SY5Y/Bcl-xL cells and free radical production was measured on-line as an increase in DCFDA fluorescence. Each data point represents
mean 6 S.E.M. of 15 individual cells.
doi:10.1371/journal.pone.0020423.g003
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2+-mediated Dym
and MIMP. This leads to a lower caspase 9 and caspase 3
activation and to a decrease in neuronal death.
Calcium might convert the ANT transporter into a large
unselective channel, through its binding to cardiolipin [36]. This
modulates the activity of MCC that is responsible for the
Figure 4. Bcl-xL blocks the Ca
2+-induced MCC activation in isolated mitoplasts. Mitoplasts were prepared and single channel activity was
recorded as indicated in Materials and Methods. a) Induction of MCC activity following increase in Ca
2+ concentration (upper bar) in SH-SY5Y/Neo
cells. b) Inhibition of Ca
2+-induced MCC activation by Ca
2+ chelation in SH-SY5Y/Neo. EGTA 20 mM was added after Ca
2+ stimulation (upper bars). c)
Same protocol as in a) performed in mitoplasts obtained from SH-SY5Y/Bcl-xL cells. No channel activity can be observed after 10 mMC a
2+ addition
despite the channel was present in the patch (supplemental material figure S1). d) Percentage of patches where a rise in Ca
2+ (10 mM) induced MCC
activity provided that the channel was present in the patch. This was tested at the end of the experiment as indicated in Material and Methods. Data
represent the percentage of patches where the channel was opened for SH-SY5Y/Neo (n=10) and SH-SY5Y/Bcl-xL (n=13) cells.
doi:10.1371/journal.pone.0020423.g004
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electrophysiological experiments presented here show that the
observed channel has the same characteristics of reversibility and
voltage-dependence as previously reported for the MCC
(Supporting information Figure S1) [16]. Bcl-xL does not
interfere with ionomycin-mediated Ca
2+ entry, but efficiently
prevents Ca
2+ activation of the mitochondrial MCC, interfering
with the initial step in the signalling pathway that leads to cell
death.
Following ionomycin-treatment, there is a rapid lost in Dym
that precedes an increase in the permeability of the mitochondrial
inner membrane that would lead to cytochrome c release and
activation of effector caspases like caspase 3. Bcl-xL does not
modify ionomycin-mediated increase in intracellular Ca
2+ levels
or voltage-dependence of the MCC channel. However, it blocks
Ca
2+-mediated activation of mitochondrial MCC and, subse-
quently, ionomycin-induced decrease in Dym and MIMP. This
effect is not synchronic in all mitochondria, because functional
heterogeneity of mitochondria with respect to mitochondrial
redox state, membrane potential, respiratory activity, uncoupling
proteins and mitochondrial Ca
2+ determines different responses
to many signals and may vary their sensitivity to different noxious
stimuli resulting in different time courses in the individual
mitochondrial responses (Supporting information Video S1 and
Video S3). This suggests the relevance of studying the
participation of these organelles in apoptotic processes at the
individual cell or mitochondrion level [17]. The fact that the Bcl-
xL inhibitor ABT-737 [31,32] antagonised the Bcl-xL protective
actions strongly suggests that Bcl-xL plays a key role in the cell
defense against Ca
2+ overload-mediated toxicity. Moreover,
ABT-737 also potentiates ionomycin-mediated toxicity in SH-
SY5Y/Neo cells suggesting that the Bcl-2 family members might
be participating in the physiological response to a Ca
2+ overload
insult.
Although, it has been described that Bcl-xL might act on
different mechanisms involved in apoptosis regulation [38],
including inhibition of Apaf-1-dependent caspase 9 activation
[39], and that Ca
2+ influx can activate calpain producing Bid
cleavage, which targets the mitochondria causing apoptosis [40],
the most plausible explanation for the antiapoptotic action
Figure 5. Bcl-xL prevents ionomycin-induced lost in DYm. TMRM fluorescence in SH-SY5Y/Neo (a and c) and SH-SY5Y/Bcl-xL (b and d) cells
exposed to 2 mM ionomycin at time 0 h. a) and b) time =0; c) and d) time =5 min. e) Time-course of TMRM fluorescence in mitochondria-rich
cytoplasm versus the nucleus that is considered background in SH-SY5Y/Neo (red trace) and SH-SY5Y/Bcl-xL (blue trace) cells. The complete videos for
these experiments can be found in Supporting information Video S1 and Video S2. This experiment was repeated 4 times with similar results.
doi:10.1371/journal.pone.0020423.g005
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MCC. Previous studies have shown that Bcl-xL, despite its
preferent location in the outer membrane, can also be found at the
inner membrane [41] and there is ample evidence of direct
interaction of the anti-apoptotic proteins of the Bcl-2 family with
ANT, via its BH-4 domain [42,43]. This Bcl-xL action on the
mitochondrial MCC, downstream of Ca
2+ entry, would act on the
MIMP preventingthe lost of the Dym and the subsequent release of
apoptotic factors from the intermembrane space. This would block
caspase 3 activation and cell death. The fact that the Ca
2+ chelator
BAPTA-AM, potentiated the protective actions of Bcl-xL supports
this view, because when less Ca
2+ ions are available to stimulate the
opening of the MCC due to Ca
2+ chelation by BAPTA-AM, the
protective actions of Bcl-xL would be more intense. However,
contribution of a Ca
2+-mediated increase in mitochondrial ROS to
Ca
2+-mediated cell death cannot be excluded [44]. Blockade of this
action by Bcl-xL might also contribute to its protective action on
Ca
2+ overload-mediated cell death.
Figure 6. Bcl-xL decreases ionomycin-induced MIMP. SH-SY5Y cells were loaded with calcein as indicated in Material and Methods. Calcein
fluorescence in SH-SY5Y/Neo (a and c) and SH-SY5Y/Bcl-xL (b y d) cells exposed to 2 mM ionomycin at time 0 h. a) and b) time =0; c) and d) time =
20 min. Numbers represent individual mitochondrion whose time-course is represented in panels e) and f). Time-course of fluorescent changes in
individual mitochondrion from e) SH-SY5Y/Neo and f) SH-SY5Y/Bcl-xL. The complete videos for these experiments can be found in Supporting
information Video S3 and Video S4.
doi:10.1371/journal.pone.0020423.g006
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ical situations, increases mitochondrial Ca
2+ that, on one hand,
opens the mitochondrial MCC leading to MIMP that would
collapse the mitochondrial potential causing MOMP that would
release cyt c, activate caspase and produce apoptotic death. Bcl-xL
might block this toxic cascade by preventing Ca
2+-mediated
mitochondrial MCC opening that would inhibit MIMP and
mitochondrial potential collapse.
Materials and Methods
Cell culture
SH-SY5Y neuroblastoma cell line was grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 2 mM L-
glutamine, 20 units/ml penicillin, 5 mg/ml streptomycin and 15%
heat-inactivated foetal calf serum (Gibco) as reported previously
[45]. Cells were maintained at 37uC in a saturated humidity
Figure 7. Effect of BAPTA-AM and ABT-737 on ionomycin-induced toxicity in SH-SY5Y cells. The effect of BAPTA-AM and ABT-737 on
ionomycin-induced toxicity was studied in both a) SH-SY5Y/Neo and b) SH-SY5Y/Bcl-xL cells treated with either vehicle, BAPTA-AM (10 mM; BAPTA 10)
or ABT-737 (1 mM; AB 1) for 30 minutes and then either Ionomycin 2 mM (Iono) was added in the absence or presence of BAPTA-AM 10 mM( +BAPTA
10) or ABT-737 1 mM( +ABT 1) for 3 hours and cell viability was determined using the MTT assay. Data represent mean 6 S.E.M. of 12 individual cells
from 3 different experiments. **p,0.01, ***p,0.001 as compared to Ionomycin-treated cells.
doi:10.1371/journal.pone.0020423.g007
Calcium Overload-Mediated Neuroblastoma Death
PLoS ONE | www.plosone.org 9 June 2011 | Volume 6 | Issue 6 | e20423atmosphere containing 95% air and 5% CO2. Constitutively Bcl-
xL expressing neuroblastoma SH-SY5Y cells were kindly provided
by Dr. Joan Comella [27,29]. Cells were plated at a density of
4610
4 cells/cm
2 and allowed to grow until 80% confluence was
reached.
Cell viability studies
Cells plated at a density of 4610
4 cells/cm
2 and allowed to
grow until 80% confluence were treated with vehicle or Ionomycin
at different concentrations for 3 hours, or with vehicle or
Ionomycin (2 mM) for different times. In another set of
experiments cells were treated with vehicle or Ionomycin (2 mM)
in the absence or presence of pharmacological inhibitors (BAPTA-
AM 10 mM or ABT-737 1 mM) for 3 hours. After treatments, cell
viability was assessed using the 3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) cell survival assays as
previously described [45]. Culture medium was removed and
400 mL of MTT (50 mg/mL) in Krebs solution (with the following
Figure 8. Effect of BAPTA-AM and ABT-737 on ionomycin-induced Dym. The effect of BAPTA-AM and ABT-737 on ionomycin-induced Dym
was studied in both a) SH-SY5Y/Neo and b) SH-SY5Y/Bcl-xL cells treated with either vehicle, BAPTA-AM (10 mM) or ABT-737 (1 mM) for 30 minutes and
then loaded with TMRM. Afterwards, cells were washed in Krebs solution and Ionomycin (2 mM; Iono) was added and Dym was measured on-line as a
decrease in TMRM fluorescence. Each data point represents mean 6 S.E.M. of 15 individual cells from 3 different experiments.
doi:10.1371/journal.pone.0020423.g008
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HEPES 15, glucose 10, CaCl2 2.5, pH 7.4) were added to each
well following ionomycin treatments. This was followed by
incubation at 37uC for 30 min. After this, the medium with
MTT was removed and 300 mL dimethylsulfoxide (DMSO) were
added. Two hundred mL from each well were then transferred to a
96-well microplate and read at 540 nm with a reference
wavelength of 630 nm in the dual mode.
Electrophysiological recording
Cells were resuspended in 10 mL isolation medium (230 mM
mannitol, 70 mM sucrose, 5 mM HEPES pH 7.4) and homog-
enized by hand. Mitochondria were isolated as previously
described [27]. Mitoplasts were prepared from mitochondria by
passage through a French press at 2000 p.s.i., as previously
described [43]. Intact mitochondria were morphologically
different from mitoplasts and were easily avoided during patch-
clamp experiments. Recording micropipettes (10–40 MV)w e r e
prepared on a P-97 puller (Sutter Instruments, New York, NY,
USA). High resistance seals (.1G V) were obtained by pressing a
micropipette onto the membrane of a mitoplast, and applying
negative pressure. Patches were excised so that the matrix face of
the inner membrane was exposed to the bath. Bath and pipette
solutions were identical and contained (in millimoles/Liter):
HEPES 5, KCl 150, CaCl2 1, EGTA 55, pH 7.4. Single channel
activity was recorded using an EPC-9 patch-clamp amplifier
(HEKA, Lambrecht, Germany) and stored on videotape at
5 kHz. Computer analysis of current signals was performed using
pClamp 9.0 (Axon Instruments, Union City, CA, USA).
Typically, MCC was considered to be present if current
transitions showed a conductance .250 pS [46]. The presence
of MCC in the patch was tested at the end of the experiment by
switching the pipette potential to 260 mV to increase MCC
open probability (supporting material Figure S1).
Fluorescence microscopy studies
SH-SY5Y cells were plated on 20 mm diameter coverslips and
allowed to grow until 60% confluence was reached. Fluorescence
was observed on an inverted microscope (Nikon Eclipse TE-2000-
S, Birlingam, CA, USA) equipped with a 150 W Xenon lamp and
1006, 1.3 numerical aperture, epifluorescence oil immersion
objective. Excitation wavelength was selected using a Life
Technology monochromator (Omega Optical Inc, Brattleboro,
VT, USA). Excitation wavelength was selected using a filter wheel
(Sutter ‘‘lambda 10’’, Novato CA, USA). Images were acquired
with a digital camera (ORCA II, Hamamatsu, Shizouka, Japan)
and data were analyzed using commercial software (Metamorph,
Universal Imaging Corporation, Silicon Valley, CA, USA).
Measurement of cytosolic calcium. Fura-2 obtained from
Molecular Probes (Invitrogen, Carlsbad, CA, USA) was used at
5 mM and loaded with 0.005% Pluronic in Krebs solution for 20–
30 minutes at 37uC in the dark. The coverslips were washed twice
with Krebs solution and placed in the fluorescence camera. The
dye was excited alternately at 340 and 380 nm allowing
ratiometric measurements of changes in cytosolic Ca
2+ levels.
Images were collected at intervals of 15 seconds using an emission
filter of 510 nm. When a noxious stimulus is intense, like in the
case of ionomycin, a deregulation of Ca
2+ homeostasis called
delayed calcium deregulation (DCD) takes place. This implies a
second increase in Ca
2+ concentration until a plateau that is
irreversible. This is named maximum Ca
2+ signal for that
particular cell. To homogenize the data, Fura-2 measurements
in every cell are referred to its maximum Ca
2+ level, which is
different for each cell.
Mitochondrial membrane potential measurement. SH-
SY5Y cells were loaded in 4 nM Tetramehtyl-rhodamine-methyl-
ester (TMRM) (Molecular Probes, Carlsbad, CA, USA) in Krebs
solution for 20 minutes at 37uC in the dark. In the experiments
performed in the presence of pharmacological inhibitors (BAPTA-
AM 10 mM or ABT-737 1 mM) cells were pre-incubated with
inhibitors for 30 minutes before the incubation with the
fluorescent probe. Cells were then washed twice with Krebs
solution and fluorescence was observed using an excitation filter of
535 nm and an emission filter of 590 nm. Frames of 10 Z-planes
(250 nm thick) were recorded every 15 seconds over 10 minutes to
exclude that the switch-off of mitochondrial fluorescence was due
to mitochondrial movement away from the focussed microscope
plane.
MIMP imaging. Calcein-AM penetrates cell membranes and
is hydrolyzed by intracellular and intraorganellar esterases,
yielding calcein which is hydrophilic and hence membrane-
impermeable and trapped within all subcelluar compartments
including the mitochondrial matrix [47]. If calcein-labeled cells are
then loaded with the divalent cation Ca
2+, the calcein-dependent
fluorescence is quenched in all subcelular compartments with
exception of the mitochondrial matrix, because the inner
mitochondrial membrane is the only intracellular membrane
which is normally Ca
2+-impermeant. Due to the ability of
BAPTA-AM to chelate Ca
2+ ions, it was not possible to study
MIMP in the presence of BAPTA-AM. The selective staining of
the mitochondrial matrix disappears upon permeabilization of the
inner mitochondrial membrane. While the mitochondrial
potential, can be lost and recovered, the loss of calcein
fluorescence is irreversible and thus allows for the study of
transient openings of inner membrane pores. Calcein imaging was
performed as previously described [47]. Briefly, SH-SY5Y cells
were loaded with one mM calcein-AM (Molecular Probes) in Krebs
containing one mM Ca
2+ for 30 minutes in the dark. In the
experiments performed in the presence of ABT-737 (1 mM), the
cells were pre-incubated with the drug for 30 minutes before the
incubation with the fluorescent probe. Then, the coverslips were
washed twice with Krebs solution and fluorescence was observed
using an excitation wavelength of 485 nm and an emission
wavelength of 530 nm. Frames of 10 Z-planes were recorded
every 20 seconds over 30 minutes to exclude that the switch-off of
mitochondrial fluorescence was due to mitochondrial movement
away from the focussed microscope plane.
Reactive oxygen species production
SH-SY5Y cells were loaded in Krebs containing 10 mM 5-(and-
6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate, acetyl
ester (DCFDA) (Molecular Probes, Carlsbad, CA, USA) in Krebs
solution for 20 minutes at 37uC in the dark. In the experiments
performed in the presence of pharmacological inhibitors (BAPTA-
AM 10 mM or ABT-737 1 mM) cells were pre-incubated with
inhibitors for 30 minutes before the incubation with fluorescent
Figure 9. Effect of ABT-737 on ionomycin-induced MIMP. The effect of ABT-737 on ionomycin-induced MIMP was studied in both a) SH-SY5Y/
Neo and b) SH-SY5Y/Bcl-xL cells treated with either vehicle or ABT-737 (1 mM) for 30 minutes and then loaded with calcein as indicated in Material and
Methods. Afterwards, cells were washed in Krebs solution and Ionomycin (2 mM; Iono) was added and MIMP was measured on-line as a decrease in
mitochondrial calcein fluorescence. Each data point represents mean 6 S.E.M. of 15 individual cells from 3 different experiments.
doi:10.1371/journal.pone.0020423.g009
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fluorescence was observed using an excitation filter of 535 nm and
an emission filter of 635 nm. Frames were recorded every 30
seconds over 40 minutes.
Caspase activity determination
Caspases-9 and -3 activities were determined as previously
described [48]. Cells were grown in 6-well culture plates until 80%
confluence was reached. Then, cells were treated with vehicle or
Figure 10. Effect of BAPTA-AM and ABT-737 on ionomycin-induced caspasas activation. a) Caspase-9 activity measured in total lysates
obtained from SH-SY5Y/Neo (black bars) and SH-SY5Y/Bcl-xL (white bars) cells treated with vehicle or Ionomycin (2 mM; Iono) in the presence or
absence of BAPTA-AM 10 mM( +BAPTA 10) or ABT-737 1 mM( +ABT 1) for 6 hours. Data represent mean 6S.E.M. of 12 experiments. ***p,0.001 as
compared to Ionomycin-treated SH-SY5Y/Neo cells.
###p,0.001 as compared to Ionomycin-treated SH-SY5Y/ Bcl-xL cells. b) Caspase-3 activity
measured in total lysates obtained from SH-SY5Y/Neo (black bars) and SH-SY5Y/Bcl-xL (white bars) cells treated with vehicle or Ionomycin (2 mM;
Iono) in the presence or absence of BAPTA-AM 10 mM( +BAPTA 10) or ABT-737 1 mM( +ABT 1) for 6 hours. Data represent mean 6 S.E.M. of 12
experiments. ***p,0.001 as compared to Ionomycin-treated SH-SY5Y/Neo cells.
##p,0.01,
###p,0.001 as compared to Ionomycin-treated SH-
SY5Y/ Bcl-xL cells.
doi:10.1371/journal.pone.0020423.g010
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cells were treated with vehicle or Ionomycin (2 mM) in the absence
or presence of pharmacological inhibitors (BAPTA-AM 10 mMo r
ABT-737 1 mM) for 6 hours. Afterwards, cells were washed twice
with cold PBS and lysed in Lysis buffer containing 100 mM Hepes
pH 7.4, 5 mM DTT, 5 mM EGTA, 0.04% Nonidet P-40, and
20% glycerol. Cell extracts were then centrifuged at 5,000 x g
(10 min, 4uC). For caspase 3 activity cell extracts (40 mg of protein)
were incubated in reaction buffer (25 mM Hepes, 10% sucrose,
0.1% CHAPS, 10 mM DTT) containing 50 mM fluorescence
sustrate Z-DEVD-AFC at 37uC for 1 h. For caspase 9 activity cell
extracts (40 mg of protein) were incubated in reaction buffer
(50 mM Hepes, 50 mM NaCl, 0.1% CHAPS, 5% glycerol,
10 mM DTT) containing 50 mM fluorescence sustrate Ac-LEHD-
AFC at 37uC for 1 h. Cleavage of the AFC fluorophore was
determined in a spectrofluorometer at excitation wavelength of
400 nm and fluorescence was detected at an emission wavelength of
505 nm. Caspase activity was expressed as units of fluorescence/mg
of protein/h.
Western blot analysis
Wester blot analysis was performed as previously described [49].
Briefly, cells were grown in 6-well culture plates until 80%
confluence was reached and collected and resuspended in
homogenization buffer (10 mM HEPES, 0.32 M sucrose,
100 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 40 mg/ml aproti-
nine, 20 mg/ml leupeptine; pH 7.4). Cells were homogenated
using a polytron (two cycles, 10 s at maximum speed). Homog-
enates were centrifuged at 3.000xg for 5 min and protein content
of the supernatants (total lysate) was determined. Samples (30 mg)
were loaded on 15% PAGE-SDS and transferred onto nitrocel-
lulose membranes. Membranes were blocked in PBS-Tween 20
(0.1%) containing 5% non-fat dry milk and 0.1 % BSA for 1 h at
4uC and then incubated with polyclonal anti-BCL-xL antibody
(1:1,000) or polyclonal a-tubulin antibody (1:2,000) overnight at
4uC. Afterwards, blots were washed with PBS-Tween 20 (0.1%)
and incubated with HRP-anti-IgG antibody (1:10,000) for 2 h at
4uC. Immunoreactive bands were visualized using an enhanced
chemiluminiscence system (ECL; GE Healthcare, Madrid, Spain).
Statistical Analysis
Data are expressed as mean 6 SEM. Statistical analyses were
carried out using the one-way analysis of variance (ANOVA) and
the a posteriori Bonferroni’s t-test for multiple comparisons. P values
less than 0.05 were considered significant. Statistics results are
reported in the figure legends.
Drugs and Chemicals
Z-DEVD-AFC and Ac-LEHD-AFC was from Calbiochem
(Madrid, Spain). BAPTA-AM, DCFDA, TMRM, and Calcein-
AM were from Molecular Probes Inc. (Barcelona, Spain). ABT-
737 was from Selleck Chemicals (Madrid, Spain). Bcl-xL and a-
tubulin antibodies were from Cell Signalling (Barcelona, Spain).
All other reagents were obtained from Sigma-Aldrich (Madrid,
Spain).
Supporting Information
Figure S1 Bcl-xL expression in SH-SY5Y/Neo and SH-SY5Y/
Bcl-xL cell. a) Total lysates obtained from SH-SY5Y/Neo (lanes 1,
2 and 3) and from SH-SY5Y/Bcl-xL (lanes 4, 5, and 6) non-
treated cells were obtained and Bcl-xL expression was analysed by
Western-blot. b) Densitometric analysis of Bcl-xL expression
related to protein loading control a-tubulin. Data are expressed
as mean 6 S.E.M. of 3 experiments.
(TIF)
Figure S2 Presence of MCC channel in a mitochondrial inner
membrane patch obtained from a SH-SY5Y/Bcl-xL cell. In this
patch, an increase in Ca
2+ concentration failed to induce MCC
opening for 5 minutes prior to the beginning of the shown record.
Pipette potential was changed to -60 mV at the beginning of the
shown record. As it can be observed, the MCC was present and it
was activated about 30 s after voltage change.
(TIF)
Video S1 SH-SY5Y/Neo cells were loaded with TMRM as
indicated above and exposed to ionomycin (2 mM). Images were
acquired using a fluorescence inverted microscope (Nikon Eclipse
TE-2000-S, Birlingam, CA, USA) equipped with a 150 W Xenon
lamp and 1006, 1.3 numerical aperture, epifluorescence oil
immersion objective and commercial software (Metamorph,
Universal Imaging Corporation, Silicon Valley, CA, USA).
Frames were acquired every 15 seconds over 10 minutes.
Fluorescence was observed using an excitation filter of 535 nm
and an emission filter of 590 nm.
(AVI)
Video S2 Same as Video S1. but SH-SY5Y/Bcl-xL cells were
used in the experiment.
(AVI)
Video S3 SH-SY5Y/Neo cells were loaded with calcein as
indicated above and exposed to ionomycin (2 mM). Images were
acquired using a fluorescence inverted microscope (Nikon Eclipse
TE-2000-S, Birlingam, CA, USA) equipped with a 150 W Xenon
lamp and 1006, 1.3 numerical aperture, epifluorescence oil
immersion objective and commercial software (Metamorph,
Universal Imaging Corporation, Silicon Valley, CA, USA).
Frames were acquired every 20 seconds over 30 minutes.
Fluorescence was observed using an excitation wavelength of
485 nm and an emission wavelength of 530 nm.
(AVI)
Video S4 Same as Video S3 but SH-SY5Y/Bcl-xL cells were
used in the experiment.
(AVI)
Acknowledgments
SH-SY5Y cells were a generous gift from J. X. Comella (Universitat de
Lleida, Spain).
Author Contributions
Conceived and designed the experiments: DT IP VC. Performed the
experiments: DT IP. Analyzed the data: DT IP VC. Contributed reagents/
materials/analysis tools: VC. Wrote the paper: VC.
References
1. Clapham DE (1995) Calcium signaling. Cell 80: 259–268.
2. Reddy PH (2009) Amyloid beta, mitochondrial structural and functional
dynamics in Alzheimer’s disease. Exp Neurol, S0014-4886(09)00130-7
[pii];10.1016/j.expneurol.2009.03.042 [doi] 218: 286–292.
3. Berliocchi L, Bano D, Nicotera P (2005) Ca
2+ signals and death programmes in
neurons. Philos Trans R Soc Lond B Biol Sci 360: 2255–2258.
4. Gil-Parrado S, Fernandez-Montalvan A, Assfalg-Machleidt I, Popp O,
Bestvater F, et al. (2002) Ionomycin-activated calpain triggers apoptosis.
Calcium Overload-Mediated Neuroblastoma Death
PLoS ONE | www.plosone.org 14 June 2011 | Volume 6 | Issue 6 | e20423A probable role for Bcl-2 family members. J Biol Chem 277: 27217–
27226.
5. Hajnoczky G, Davies E, Madesh M (2003) Calcium signaling and apoptosis.
Biochem Biophys Res Commun 304: 445–454.
6. Murgia M, Giorgi C, Pinton P, Rizzuto R (2009) Controlling metabolism and
cell death: at the heart of mitochondrial calcium signalling. J Mol Cell Cardiol
46: 781–788.
7. Brini M (2003) Ca(2+) signalling in mitochondria: mechanism and role in
physiology and pathology. Cell Calcium 34: 399–405.
8. Kroemer G, Reed JC (2000) Mitochondrial control of cell death. Nat Med 6:
513–519.
9. Niquet J, Seo DW, Wasterlain CG (2006) Mitochondrial pathways of neuronal
necrosis. Biochem Soc Trans 34: 1347–1351.
10. Bossy-Wetzel E, Green DR (1999) Apoptosis: checkpoint at the mitochondrial
frontier. Mutat Res 434: 243–251.
11. White RJ, Reynolds IJ (1995) Mitochondria and Na+/Ca2+ exchange buffer
glutamate-induced calcium loads in cultured cortical neurons. J Neurosci 15:
1318–1328.
12. Schinder AF, Olson EC, Spitzer NC, Montal M (1996) Mitochondrial
dysfunction is a primary event in glutamate neurotoxicity. J Neurosci 16:
6125–6133.
13. Vergun O, Keelan J, Khodorov BI, Duchen MR (1999) Glutamate-induced
mitochondrial depolarisation and perturbation of calcium homeostasis in
cultured rat hippocampal neurones. J Physiol 519 Pt 2: 451–466.
14. Peng TI, Jou MJ, Sheu SS, Greenamyre JT (1998) Visualization of NMDA
receptor-induced mitochondrial calcium accumulation in striatal neurons. Exp
Neurol 149: 1–12.
15. Stout AK, Raphael HM, Kanterewicz BI, Klann E, Reynolds IJ (1998)
Glutamate-induced neuron death requires mitochondrial calcium uptake. Nat
Neurosci 1: 366–373.
16. Brustovetsky N, Klingenberg M (1996) Mitochondrial ADP/ATP carrier can be
reversibly converted into a large channel by Ca2+. Biochemistry 35: 8483–8488.
17. Pastorino JG, Tafani M, Rothman RJ, Marcineviciute A, Hoek JB, et al. (1999)
Functional consequences of the sustained or transient activation by Bax of the
mitochondrial permeability transition pore. J Biol Chem 274: 31734–31739.
18. Antonsson B, Montessuit S, Lauper S, Eskes R, Martinou JC (2000) Bax
oligomerization is required for channel-forming activity in liposomes and to
trigger cytochrome c release from mitochondria. Biochem J 345 Pt 2: 271–278.
19. Rong Y, Distelhorst CW (2008) Bcl-2 protein family members: versatile
regulators of calcium signaling in cell survival and apoptosis. Annu Rev Physiol
70: 73–91.
20. Tsujimoto Y, Shimizu S (2000) Bcl-2 family: life-or-death switch. FEBS Lett 466:
6–10.
21. Scorrano L, Korsmeyer SJ (2003) Mechanisms of cytochrome c release by
proapoptotic BCL-2 family members. Biochem Biophys Res Commun 304:
437–444.
22. Jonas EA (2009) Molecular participants in mitochondrial cell death channel
formation during neuronal ischemia. Exp Neurol 218: 203–212.
23. Li C, Fox CJ, Master SR, Bindokas VP, Chodosh LA, et al. (2002) Bcl-X(L)
affects Ca(2+) homeostasis by altering expression of inositol 1,4,5-trisphosphate
receptors. Proc Natl Acad Sci U S A 99: 9830–9835.
24. Chami M, Prandini A, Campanella M, Pinton P, Szabadkai G, et al. (2004) Bcl-
2 and Bax exert opposing effects on Ca2+ signaling, which do not depend on
their putative pore-forming region. J Biol Chem 279: 54581–54589.
25. Pinton P, Rizzuto R (2006) Bcl-2 and Ca2+ homeostasis in the endoplasmic
reticulum. Cell Death Differ 13: 1409–1418.
26. Murphy RC, Schneider E, Kinnally KW (2001) Overexpression of Bcl-2
suppresses the calcium activation of a mitochondrial megachannel. FEBS Lett
497: 73–76.
27. Jorda ´n J, Galindo MF, Tornero D, Gonza ´lez-Garcı ´aC ,C e n ˜a V (2004) Bcl-x L
blocks mitochondrial multiple conductance channel activation and inhibits 6-
OHDA-induced death in SH-SY5Y cells. J Neurochem 89: 124–133.
28. Boix J, Llecha N, Yuste VJ, Comella JX (1997) Characterization of the cell death
process induced by staurosporine in human neuroblastoma cell lines.
Neuropharmacology 36: 811–821.
29. Yuste VJ, Sanchez-Lopez I, Sole C, Encinas M, Bayascas JR, et al. (2002) The
prevention of the staurosporine-induced apoptosis by Bcl-X(L), but not by Bcl-2
or caspase inhibitors, allows the extensive differentiation of human neuroblas-
toma cells. J Neurochem 80: 126–139.
30. Brenner C, Cadiou H, Vieira HL, Zamzami N, Marzo I, et al. (2000) Bcl-2 and
Bax regulate the channel activity of the mitochondrial adenine nucleotide
translocator. Oncogene 19: 329–336.
31. Kuroda J, Puthalakath H, Cragg MS, Kelly PN, Bouillet P, et al. (2006) Bim and
Bad mediate imatinib-induced killing of Bcr/Abl+ leukemic cells, and resistance
due to their loss is overcome by a BH3 mimetic. Proc Natl Acad Sci U S A,
0606176103 [pii];10.1073/pnas.0606176103 [doi] 103: 14907–14912.
32. Del GM, V, Brown JR, Certo M, Love TM, Novina CD, et al. (2007) Chronic
lymphocytic leukemia requires BCL2 to sequester prodeath BIM, explaining
sensitivity to BCL2 antagonist ABT-737. J Clin Invest, 10.1172/JCI28281 [doi]
117: 112–121.
33. Kristian T, Siesjo BK (1998) Calcium in ischemic cell death. Stroke 29:
705–718.
34. Mattson MP (2007) Calcium and neurodegeneration. Aging Cell 6: 337–350.
35. Lemasters JJ, Theruvath TP, Zhong Z, Nieminen AL (2009) Mitochondrial
calcium and the permeability transition in cell death. Biochim Biophys Acta
1787: 1395–1401.
36. Paradies G, Petrosillo G, Paradies V, Ruggiero FM (2009) Role of cardiolipin
peroxidation and Ca2+ in mitochondrial dysfunction and disease. Cell Calcium
45: 643–650.
37. Kuznetsov AV, Margreiter R (2009) Heterogeneity of Mitochondria and
Mitochondrial Function within Cells as Another Level of Mitochondrial
Complexity. Int J Mol Sci 10: 1911–1929.
38. Ouyang YB, Carriedo SG, Giffard RG (2002) Effect of Bcl-x(L) overexpression
on reactive oxygen species, intracellular calcium, and mitochondrial membrane
potential following injury in astrocytes. Free Radic Biol Med 33: 544–551.
39. Hu Y, Benedict MA, Wu D, Inohara N, Nunez G (1998) Bcl-XL interacts with
Apaf-1 and inhibits Apaf-1-dependent caspase-9 activation. Proc Natl Acad
Sci U S A 95: 4386–4391.
40. Chen M, Won DJ, Krajewski S, Gottlieb RA (2002) Calpain and mitochondria
in ischemia/reperfusion injury. J Biol Chem 277: 29181–29186.
41. Belzacq AS, Vieira HL, Verrier F, Vandecasteele G, Cohen I, et al. (2003) Bcl-2
and Bax modulate adenine nucleotide translocase activity. Cancer Res 63:
541–546.
42. Jacotot E, Costantini P, Laboureau E, Zamzami N, Susin SA, et al. (1999)
Mitochondrial membrane permeabilization during the apoptotic process.
Ann N Y Acad Sci 887: 18–30.
43. Halestrap AP, McStay GP, Clarke SJ (2002) The permeability transition pore
complex: another view. Biochimie 84: 153–166.
44. Starkov AA, Chinopoulos C, Fiskum G (2004) Mitochondrial calcium and
oxidative stress as mediators of ischemic brain injury. Cell Calcium 36: 257–264.
45. Posadas I, Vellecco V, Santos P, Prieto-Lloret J, Cen ˜a V (2007) Acetaminophen
potentiates staurosporine-induced death in a human neuroblastoma cell line.
Br J Pharmacol 150: 577–585.
46. Kinnally KW, Campo ML, Tedeschi H (1989) Mitochondrial channel activity
studied by patch-clamping mitoplasts. J Bioenerg Biomembr 21: 497–506.
47. Poncet D, Boya P, Metivier D, Zamzami N, Kroemer G (2003) Cytofluoro-
metric quantitation of apoptosis-driven inner mitochondrial membrane
permeabilization. Apoptosis 8: 521–530.
48. Jorda ´n J, Galindo MF, Calvo S, Gonza ´lez-Garca ´a C, Cen ˜a V (2000) Veratridine
i n d u c e sa p o p t o t i cd e a t hi nb o v i n ec h r o m a f f i nc e l l st h r o u g hs u p e r o x i d e
production. Br J Pharmacol 130: 1496–1504.
49. Posadas I, Santos P, Blanco A, Mun ˜oz-Ferna ´ndez M, Cen ˜a V (2010)
Acetaminophen induces apoptosis in rat cortical neurons. PLoS ONE,
10.1371/journal.pone.0015360 [doi] 5: e15360.
Calcium Overload-Mediated Neuroblastoma Death
PLoS ONE | www.plosone.org 15 June 2011 | Volume 6 | Issue 6 | e20423